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We have calculated the valence-band density of states N(E) and measured' the x-ray photoemission (XPS) spectrum I(E) for the chalcopyrite-type semiconductor ZnGeP 2 . I(E) was also measured for edSnAs 2 . In ZnGeP 2 the shapes of N(E) and I(E) agreed very well, allowing us to correlate structure in I(E) explicitly with Zn-P and Ge-P bonds through contour plots'of electron charge densities -+-integrated over selected energy intervals, p~E(r). This approach appears promising for a detailed understandirtgof bonding in chalcopyrite-type compounds and other ternary or more complex materials. _.
The AIIBIVe~ co~pounds are ternary analogues of the Bllle V zincblende semiconductors (e.g., ZnGeP 2 is the analogue of GaP) in which alternate cation 'sites are occupied by atoms of the Group I~ and Group IV elements ~mrrounded i'n tetrahedral coo,rdination by Group V anions. The ternary'. ~ompounds therefore possess an essential complication that is absent in their binary analogues--two kinds of bonds. The presen~ work represents the first attempt to relate features in N(E) or I(E) to different bonds in a relatively complex material~ thereby . extending a correlation that is obvious for the diamond and zincblende lattices. l ,2 -+-Our approach was to compute the charge density p~(r) within a~ energy --+-region ~-rather than the usual Pn(r), the charge density for.band n. The ener9Y region was chosen to correspond to an energy interval in which N(E) contains structure of interest (e.g., a peak). For znGeP 2 there appears to be six important regions in N(E). These are labeled A, B, e, D, E,
-+-and F in Fig. 1 . Figure 2 shows p~E(r) for each region, calculated in the x = y J plane, which contains the Zn, Ge, and P ions. The experimental results will be described next, followed by a discussion of the calculation and an analys.is of the results. I(E) follows closely the sharp onset of the leading edge 'of the 4d peak. Valenceband contributions to I(E) cannot be distinguished at higher binding energies.
In ZriGeP 2 a second region of high valence-electron density can be identified around 7.0 eVon the leading edge of the Zn 3d peak. A drop in intensity of peak II beyond 8.0 eV, seems likely; but is not certain. There is a shoulder on the low energy (high binding energy) side of the. Zn3d peak which cannot be explained by oxidation, plasmon losses, multiplet splitting or\shakeup processes.
We therefore interpret that shoulder as due to a third valence band peak centered at ~ 12.5 eV with a total width of about 4 eV at its base. This determines the t,otalvalence bandwidth in ZnGeP 2 ,as 14.5 ± 0.5 eV. A corresponding third peak in CdSnAs 2 is presumably masked by the Cd 4d peak. Its position is then limited to a range of between 10.0 eV and 12.5 eV.
The band structurecalc~lations for ZnGeP 2 were based on the Empirical Pseudo-~ In the chalcopyrites one expects that the ov~rall N(E) should be similar, but that more structure should be present~ For example, peak I should contain
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structure arising from the two types of bonds. Since this calculation was based on a local pseudopotential, one expects the same problems that were encountered with local pseudopotentials for the zincblendes. 2 In particular, a non-local scheme 2 ,6 was necessary to obt~in the correct width of peak I in the zincblendes. The local potential gives a peak I which is too narrow. We there,fore expect the peak L region to be too narrow in the chalcopyrite case;
however the basic features of the structure should not be affected. Refer'ring to Fig. 1 we see that the highest energy (lowest binding energy) valence-band structure, which corresponds to peak I in the zincblende case, is + + split into two regions, A and B. Using the PA(r) andPB(r) of Fig. 2 , we see that these regions contain eiectrons in the Zn-P and Ge-P bonds, respectively.
The number of electrons in the ,energy interVal ,A is 11.4 and there are 5.45 electrons in the B region. Peak I,is therefore split by the energy difference in the two bonds. The Ge-P bond appears to be a stronger covalent bond (i.e., it lies lower in energy) than the Zn-P bond, as would J:?e expected on chemical grounds. The theoretical width of peak I is smaller than experiment; this could arise either from,the use of the local potential as described before or from an underestimation of the difference between the potentials of the two cations.
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The general shape and splitting of peak I, however, shows excellent agreement between the experimental and theoretical spectra, with four distinct corresponding features ,present in each.
The peak-II regio~ splits into three peaks C, D, and,E. In the binary . . region E. It is unfortunate that the peak II region is not easier to discern, as this region is most affected by the differences in the cation potentials.
As dis~ussed before, peak III is observed in the ZnGeP 2 XPS spectrum, but hidden in the CdS~s2 spectrum. In the theoretical N' (E) this region is -+ labeled F. 'There are 8 electrons in this region and PF(r) shows that the electrons are mostly s-like around the anion, i.e. the P site. This is the same configuration found in zincblende-type semiconductors. It is,expected, as the phosphorous 3s subshell is tightly enough bound to be nearly "corelike.
The above analysis illustrates the advantages of dealing with both which as yet defy a realistic theoretical treatment.
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